This study was conducted to optimize the drying process of Polygonum cuspidatum slices using an orthogonal experimental design. The combined effects of pretreatment methods, vacuum pressure and temperature of inner material, drying kinetics, color value, and retention of the indicator compounds were investigated. Seven mathematical models on thin-layer drying were used to study and analyze the drying kinetics. Pretreatment method with blanching for 30 s at 100 ∘ C increased the intensity of the red color of P. cuspidatum slices compared with other pretreatment methods and fresh P. cuspidatum slices. P. cuspidatum slices dried at 60 ∘ C retained more indicator compounds. Furthermore, microwave pretreatment methods, followed by microwave vacuum for 200 mbar at 50 ∘ C, resulted in high concentration of indicator compounds, with short drying time and less energy. This optimized condition for microwave vacuum drying and pretreatment methods would be useful for processing P. cuspidatum. The Newton, Page, and Wang and Singh models slightly fitted the microwave vacuum drying system. The logarithmic, Henderson and Pabis, two-term, and Midilli et al. models can be used to scale up the microwave vacuum drying system to a commercial scale. The two-term and Midilli et al. models were the best fitting mathematical models for the no-pretreatment case at 600 mbar and 60 ∘ C.
Introduction
Polygonum cuspidatum is a well-known Chinese herb and is officially listed in the Chinese Pharmacopoeia. This herb has been traditionally used for the treatment of various inflammatory diseases, including hepatitis, tumors, and diarrhea, in Eastern Asian countries, such as China, Korea, and Japan [1] . The phytochemistry of the root of this plant has been well studied. Currently, over 67 compounds from this plant have been isolated and identified [2] . The four kinds of indicator compounds are polydatin, emodin, physcion, and resveratrol [3] . To retain indicator compounds, the roots must be dried. Furthermore, the degree of retention of the indicator compounds was determined by drying conditions. P. cuspidatum are usually sun-dried. However, this process takes a long time, because it is dependent on the weather. Moreover, the plant can easily become moldy because reaching a low safe moisture content to prevent the growth of molds is difficult, and the retention of indicator compounds is low. Microwave vacuum drying is a promising, rapid, and efficient dehydration method, which yields improved product appearance and quality compared to conventionally dried products [4] [5] [6] [7] [8] [9] [10] [11] [12] . In the literature, microwave power and vacuum levels are key factors. As moisture decreases with drying, an increasing number of burnt spots can be found in the last stage of drying process [13] . Li et al. used temperature control to avoid burning [14] . Pretreatment of material by blanching and microwaving can influence product quality. The efficiency of the blanching process is usually based on the inactivation of heat-resistant enzymes, such as peroxidase and polyphenol oxidase. Microwave irradiation has been successfully used in the pretreatment of various types of biomass, including agricultural residues, woody biomass, grass, energy plants, and industrial residuals [15] . Pretreatment methods, vacuum pressure, and temperature of inner materials were shown to be factors influencing the indicator compounds and drying time.
The aims of this paper are as follows:
(1) Design and build a microwave vacuum drying system and test the system. (2) Analyze the effect of pretreatment methods, vacuum pressure, and temperature of inner material on indicator compounds and drying kinetics.
(3) Optimize conditions for pretreatment and microwave vacuum drying of P. cuspidatum.
(4) Develop mathematical models for the microwave vacuum drying of carrot slices to help in the scaling up of this drying technology.
Materials and Methods

Sample Preparation.
Raw and sun-dried P. cuspidatum were purchased from farmers (Liu Jianhui, Liu Jiandong) in Jiangxi Province. Raw P. cuspidatum was washed, vacuumpacked, and sent to Jiangnan University. The samples were kept in the fridge at 4 ∘ C for 3 days. Before they were processed, each group was washed with tap water for 5 min and sliced to 5 mm thickness with a radius of 21.85-24.15 mm. The initial moisture content was determined by drying the samples for 24 h in a hot air oven at 80 ∘ C. Samples were dried to a final moisture content of less than 0.11 (dry basis, kg water/kg dry solid). Sample (25 g) was used for each drying experiment. Nine groups were tested and dried. All experiments were performed in triplicate.
Microwave Vacuum Drying System.
A microwave vacuum drying system for drying P. cuspidatum was designed by our team and built in our laboratory (Figure 1 ). The system consisted of a microwave drying unit, a power and temperature control unit, a moisture condenser, a vacuum pump, a vacuum manometer, and a PC-based data acquisition unit. The microwave unit consisted of a reequipped microwave oven. The power and temperature control unit consisted of a fiber optic apparatus, a fiber optic sensor, and the power supply for the microwave oven. The PC-based data acquisition unit was an NI6800 with analog and digital inputs and outputs to record the temperature of inner material and to control the microwave oven power. A 2450 MHz microwave oven (media, MM720KG1-PW) and a hot air generator (Kada, 850) were modified for the experiments as the microwave dryer. The schematic diagram of the system is shown in Figure 1 .
Samples were placed in a closed Teflon container, which was a cylinder with 110 mm in height and 120 mm in diameter. A porous basket was also fixed at 30 mm over the bottom of the container. The container was supported with an electronic balance (Lightever, LBA5200) to measure the weight of the samples.
One fiber optic sensor (Optsensor, ThermAigle-RD HQ-28) was inserted in the center of one of the samples for temperature measurement. The temperature of the center of sample and power control of magnetron was integrated in the DAQ board with a self-developed LabVIEW program, which used Proportion Integral Derivative (PID) control method ( Figure 2 ). The recorded temperature is shown in Figure 3 . Temperature was successfully maintained with the appropriate power levels. The maximum deviation in surface temperature was ±3 ∘ C, and standard deviations were less than 2 ∘ C. All the data were recorded at a time interval of 1 s.
Orthogonal Experiment Design.
Three factors were studied: pretreatment method, temperature of the inner material, and vacuum (Table 1) . Each pretreatment method changed the structure of the P. cuspidatum in a distinct way. By considering the cost of processing, samples were pretreated in three ways as follows: blanching for 30 s at 100 ∘ C, microwaving at 700 W for 10 s, and no pretreatment. The temperature of the inner material had a significant influence on the indicator components. When the temperature of the inner material was higher than 90 ∘ C, less indicator compounds were retained and toxic chemicals were produced. Below 40 ∘ C, the drying time was too long and the energy consumption was more than that of other drying methods. Therefore, the temperature of the inner material should be controlled in the range of 50 ∘ C-80 ∘ C. The use of a high vacuum lowered the drying temperature of the inner material. More thermosensitive compounds were retained under a high-temperature vacuum. Three pressures were used: 200, 400, and 600 mbar. 
Mathematical Models.
The data on the drying of P. cuspidatum slices in microwave vacuum dryer were used to study the drying kinetics and to analyze the fit of mathematical models on thin-layer drying, including Newton, Page, logarithmic, Wang and Singh, Henderson and Pabis, twoterm, and Midilli et al. models (Table 2 ). In Table 2 , the MR in (i)-(vii) is the moisture ratio, which is defined in
where , , and are the moisture content (d.b.) at time t, initial moisture content (d.b.), and equilibrium moisture content (d.b.), respectively. k is the drying rate constant (min −1 ); n, a, b, and are the drying coefficients (unitless) that have different values depending on the equation and the drying curve; and is time (min).
When the difference between the moisture content at time and the equilibrium moisture content is negligible, (1) is reduced to
Color Measurement.
Color change is one of the quality criteria for dried products. Color parameters ( * , * , * ) were measured directly on the surface of fresh, dried, and rehydrated P. cuspidatum slices by using a chroma meter with d/0 diffuse illumination/0 ∘ viewing system (Model CR-300X, Minolta Co., Ltd., Japan). The CIE 1976 ( * , * , * ) color space was used to estimate the color values of P. cuspidatum slice samples. Color values, expressed as * (whiteness or brightness/darkness), * (redness/greenness), and * (yellowness/blueness), were determined for a sample in all drying conditions. The total color difference (Δ ) was calculated based on color values of fresh ( * , * , and * ) and dried P. cuspidatum slices ( * , * , and * ) based on 
Correlation Coefficients and Error Analysis.
Statistical parameters, such as root mean square error (RMSE) (see (4)), chi-square ( 2 ) (see (5)), and correlation coefficient ( 2 ) (see (6) ), were used to estimate the quality of fit of drying models to the observed values.
where MR exp, is the experimental moisture ratio at time , MR pre, is the predicted moisture ratio at time t, and is the observation number.
where is the constant number in drying models.
where MR exp is the mean experimentally measured value of MR.
In addition to the parameters mentioned above, the reduced sum square error (SSE) (see (7) ) was also used as a criterion to analyze the closeness of fit.
2.9. Statistical Analysis. The statistical analysis of variance of the experiment results was conducted using the SPSS17.0 (SAS Institute Inc., Cary, NC, USA) with a confidence level ( ≤ 0.05) of 95%. The mathematical models of the drying of carrot slices in microwave vacuum drying were fitted and analyzed by using SPSS.
Results and Discussion
Color Values.
The results of color parameters of dried P. cuspidatum slices in microwave vacuum drying system are presented in Table 3 . The * values of all the dried P. cuspidatum slices decreased in comparison with the fresh P. cuspidatum slices. However, * values almost stayed the same in all drying conditions, which shows the yellowness of P. cuspidatum slices, and ranged from 33.90 to 41.24. The * values varied with different pretreatment methods. Pretreatment method with blanching for 30 s at 100 ∘ C made P. cuspidatum slices redder than other pretreatment methods and fresh P. cuspidatum slices. The total color difference (Δ ) of the dried P. cuspidatum slices from all the drying conditions was between 7.49 and 14.55. 
Drying Curves.
The pretreatment methods of the nine groups were various; hence, the initial moisture content (dry basis) of each sample was different. The lowest moisture content was found in the pretreated material microwaved at 700 w for 10 s before the drying process (1.86, dry basis), whereas the dried material blanched for 30 s at 100 ∘ C had the highest moisture content (3.06, dry basis). Figure 4 shows the change of moisture content for groups (1) to (3). The drying curve for group (2) was similar to that for group (3) . The moisture content of group (1) slowly decreased over time. Thus, a low temperature of the inner material and low vacuum pressure required more time for drying to occur. This phenomenon was due to the fact that, at a low temperature, the pressure of water vapor inside the material was low; thus, the water was not easily transferred. Similar observations were reported by Li et al. [14] . Figure 5 shows the drying curves for groups (4) to (6), which were pretreated with microwave at 700 w for 10 s. As the initial moisture was the least, the drying time for group (5) (22 minutes) was the shortest. The use of a high temperature and a high vacuum pressure to the inner material resulted in fast drying. The drying time for group (6) (600 mbar and 50 ∘ C) was 1.6 times longer than that for group (4) (600 mbar and 60 ∘ C). Thus, the influence of temperature of the inner material on the drying time was more significant than that of vacuum pressure. Figure 6 shows the drying curves of groups without pretreatments. The initial moisture was 2.33 (dry basis). Vacuum pressure had little influence on drying time; hence, the drying time of group (8) at 50 ∘ C was almost 2 times more than that for group (7) at 70 ∘ C without considering the vacuum pressure. Furthermore, atmospheric pressure for ∘ C, vacuum pressure at 400 mbar and 70 ∘ C; and (6) blanching for 30 s at 100 ∘ C, vacuum pressure at 600 mbar and 50 ∘ C. group (7) was 200 mbar lower than that for group (8) . The temperature of the root had more significant influence on the drying time for microwave vacuum drying.
To compare the influence of pretreatment on the drying time, the groups with the same temperature should be considered. The lengths of drying times of groups with a temperature of 50 ∘ C were in the following order: the length of drying time of group (8) was greater than that of groups (1) and (6) . In addition, the initial moisture of group (8) with a 6 Mathematical Problems in Engineering Figure 7 : HPLC chromatograms of compound retained in sample (1) (peak (1), polydatin; peak (2), resveratrol; peak (3), emodin; and peak (4), physcion).
higher vacuum pressure was less than that of group (1) with lower vacuum pressure. Thus, pretreatment methods with blanching for 30 s at 100 ∘ C made dry process faster than no pretreatment. The lengths of drying times of groups with a temperature of 70 ∘ C were in the following order: the length of drying time of group (7) was greater than that of groups (3) and (5). In addition, the vacuum pressure of group (3) was lower than that for group (5) . Thus, pretreatment with microwave for 10 s made dry process faster than blanching for 30 s. Tables 4 and 6 is low. Thus, Newton, Page, and Wang and Singh model were not suitable under all the drying conditions.
Mathematical Models and Statistical
The two-term and Midilli et al. models were the best fitting mathematical models for the no-pretreatment case at 600 mbar and 60 ∘ C. Moreover, the lowest 2 values were 0.0001 and 0.0002. The logarithmic, Henderson and Pabis, two-term, and Midilli et al. models can be used to scale up the microwave vacuum drying system to a commercial scale.
Effect of Microwave Vacuum Drying and Pretreatment Methods on Concentrations of Indicator Compounds.
The concentrations of indicator compounds in sample 1 were analyzed by HPLC (Figure 7) . The results of nine groups of experiments are listed in Table 7 . The highest concentrations of polydatin were found in samples pretreated by blanching for 30 s and microwave vacuum drying at 400 mbar and 60 ∘ C. Emodin and physcion were the highest when samples were pretreated with blanching for 30 s and microwave vacuum drying at 200 mbar and 50 ∘ C. Furthermore, resveratrol concentrations were the highest when samples were pretreated with microwave at 700 W for 10 s and dried with microwave vacuum at 600 mbar and 50 ∘ C.
Factors Affecting the Retention of Polydatin.
The variance of the concentrations of polydatin for each of the factors was analyzed in Table 7 . Pretreatment had a significant influence on the retention of polydatin at a confidence level of 0.05, whereas vacuum pressure and temperature of root material had a significant influence on retention at a confidence level of 0.01. The concentrations of polydatin were the highest in groups (1), (2), and (3) ( Table 2) , which were pretreated with blanching for 30 s. This effect was probably due to the inhibition of the hydrolysis of the polydatin. As the temperature of the root increased, retention decreased, which may be due to the decomposition of polydatin. Moreover, as the temperature of the inner material increased, the moisture content decreased and less polydatin was retained because polydatin is soluble in water. When the vacuum pressure was higher, the temperature of inner material should be lower [24] . Thus, with a low temperature of inner material, less polydatin was retained.
Factors Affecting the Retention of Emodin and Physcion.
The effect of the factors on the retention of emodin is in the following order. The effect of temperature of inner material was greater than that in pretreatment methods and use of vacuum pressure (Table 8) . Vacuum pressure and pretreatment had no significant influence, whereas the temperature of inner material had a significant influence at a confidence level of 0.1. A high temperature of the root may decrease the retention of emodin. In addition, a high thermal process may affect the stability of bioactive compounds in food, including vitamins and trace elements, as proposed by Hirun et al. [25] . The effect of the different factors on the retention of physcion is discussed in Table 8 . Pretreatment and vacuum pressure had no significant influence, whereas the temperature of inner material had a significant influence at a confidence level of 0.1. This finding was the same as that obtained for emodin, thus suggesting the use of low temperature.
Factors Affecting the Retention of Resveratrol.
The effect on the factors on the retention of resveratrol is in the following order: the temperature of the root was greater than that in pretreatment and vacuum pressure use (Table 8 ). The three factors had no significant influence at a confidence level of 0.1. Table 2 shows the least retention of resveratrol in the no-pretreatment case, followed by microwave vacuum drying with a vacuum pressure of 0.02 Mpa and a temperature of 70 ∘ C. A high temperature led to chemical changes in the resveratrol. The highest retention was 0.397 mg/g, which was 13 times more than the highest retention (0.029 mg/g) obtained by Zhang et al. [23] . Drying at 50 ∘ C caused most of the retention in the groups, but drying time with low temperature of the inner material was long.
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Expt. number Table 6 : Statistical results of mathematical model for P. cuspidatum for groups (7), (8) , and (9).
Expt. number 
Conclusion
Pretreatment method with blanching for 30 s at 100 ∘ C intensified the red color of P. cuspidatum slices compared with other pretreatment methods and fresh P. cuspidatum slices. The logarithmic, Henderson and Pabis, two-term, and Midilli et al. models can be used to scale up the microwave vacuum drying system to a commercial scale. The temperature of the root had a significant influence on the retention of polydatin, emodin, and physcion at a confidence level of 0.1. The temperature of the root, pretreatment, and vacuum pressure had no significant influence on the retention of resveratrol. In addition, low temperature of inner material retained all the indicator compounds of P. cuspidatum. However, low root temperature required a long drying time. The order of drying time with pretreatment was as follows. The drying time of no-pretreatment case was greater than that of blanching for 30 s and microwaving at 700 w for 10 s. Furthermore, the temperature of the root had more significant influence on drying time than vacuum pressure. In conclusion, pretreatment with microwave at 700 w for 10 s, with a low temperature and low vacuum pressure, would retain more indicator compounds and require less drying time.
